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NASA TT F-10,302 I 

TRE NATURF OF NOCTILUCENT CLOUDS AND CERTAIN QUESTIONS CONCERNING 

THE PHOTOCREMISTRY AND DYNAMICS OF TRE EARTH’S A T M O S P m  

I. A .  Khvostikov 

ABSTRACT 

In con t ra s t  t o  a number of former inves t iga t ions  the 

recent  ca re fu l  measurements ind ica te  a low humidity of the 

a i r  above the  l e v e l  of 30 km the order  of f3 = 4-10 -6 ( 
, but the Swedish-American sounding of noct i lucent  

clouds confirms t h e i r  water nature.  The repor t  discusses  

an i n t e r e s t i n g  and d i f f i c u l t  s i t u a t i o n ,  revealed by com- 

par ison of the two mentioned facts-- the presence of i c e  a s  

the component of noct i lucent  cloud p a r t i c l e s  and the low 

humidity of a i r  i n  the  mesosphere. These d i f f i c u l t i e s  a re  

redoubled by the  presence of the  in tens ive  photodissocia- 

t i o n  of H 0 molecules of the Sunls u l t r a v i o l e t  r ad ia t ion  

a t  a height of 63-90 km. The repor t  i nd ica t e s  the  three  

p o s s i b i l i t i e s  which explain the  ep isodica l  r i s e  of the  

conditions,  favorable t o  the humidity p rec ip i t a t ion  on the  

condensation centers  of noct i lucent  cloud p a r t i c l e s .  One 
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of these p o s s i b i l i t i e s  i s  considered a t  g r e a t e r  length: a 

formation of addi t iona l  quan t i t i e s  of H 0 molecules d i r e c t -  2 

l y  i n  the mesosphere (a sharp increase of the  l e v e l  of the  

equilibrium concentration of H 0 molecule3 

mechanisms i s  re la ted  t o  the r o l e  of corpuscular s o l a r  

streams i n  tk increase of the  hydrogen concentration a t  

the height  of 100 km mentioned i n  1952 ( r e f .  7) .  This 

mechanism i s  considered i n  r e l a t i o n  t o  modern da ta  on s o l a r  

wind ("so lar  r a in" ) .  The other mechanism i s  r e l a t ed  t o  

the influence of the dynamic f a c t o r s  (equation 23) ,  which 

have not ye t  been considered by the  theory. This mechan- 

i s m  i s  explained by the  examples of reac t ions  (9) and (22).  

One of the  
2 

1. The present  s t a t u s  of the  problem of the  nature of noc t i lucent  clouds 

is  character ized by th ree  resu l t s  of fundamental importance. 

It was r ecen t ly  es tab l i shed  t h a t  t he  p a r t i c l e s  of noc t i lucent  clouds a r e  

s o l i d  dust  p a r t i c l e s  (probably of meteoric o r i g i n ) ,  the  l a r g e s t  of which a re  

encased i n  i c e  (ref. 1). 

of t h e  atmosphere, i n  the  mesopause region, under c e r t a i n  conditions ( i n  sum- 

mer, i n  the  high l a t i t u d e s  - 6 0 - 7 0 ° ~ ) ,  there  can be an accumulation of such a 

l a rge  quan t i ty  of water vapor t h a t  the a i r  becomes sa tura ted ,  and condensation, 

sublimation o r  p r e c i p i t a t i o n  of moisture on condensation nuc le i  (mostly on 

d u s t  p a r t i c l e s  of meteoric o r ig in )  can occur.  

More ca re fu l  recent  measurements ind ica te  an absence of s ign i f i can t  a i r  

It has thus been demonstrated t h a t  i n  the high l aye r s  

humidity i n  the  upper s t ra tosphere and mesosphere; the e a r l i e r  r e s u l t s  of some 

inves t iga to r s  on a high moisture content of the  atmosphere above the  23-30 km 

2 



l e v e l  apparently were caused by inadequacies of the  measurement method ( r e f .  

2). 

t o  be t y p i c a l  for the atmosphere a t  heights of 30-85 km. 

heights  of 70-75 km the  theory of aeronomic reac t ions  f o r  hydrogen and i t s  com- 

pounds gives  B 4-10 (ref. 3). 

In  a study by Hesstvedt (ref. 4), devoted t o  inves t iga t ion  of t he  moisture 

N -6 
There i s  basis f o r  assuming a humidity of about B = 4.10 (g HpO/g a i r )  

I n  any case, f o r  

-6 

content of t he  high l aye r s  of the atmosphere i n  r e l a t i o n  t o  the  noc t i lucent  

cloud problem, computations are  given based on the  assumption t h a t  a t  heights  

of 30-60 km the a i r  humidity i s  high: 

t h i s  value must be considered exaggerated by 5 0 - l O O  times; a l l  of Hesstvedt 's  

subsequent conclusions concerning the  condi t ions f o r  formation of noc t i lucent  

clouds must accordingly be reconsidered ( r e f .  4). 

4 B = 2.4'10- . According t o  reference 2, 

Comparison of these  two r e s u l t s  creates a d i f f i c u l t  and i n t e r e s t i n g  s i tua -  

t i o n  i n  the  theory of the  formation of noct i lucent  clouds. These d i f f i c u l t i e s  

a r e  p a r t i c u l a r l y  emphasized by a th i rd  fundamental f a c t ,  which was es tab l i shed  

t h e o r e t i c a l l y  a s  e a r l y  a s  1950 ( r e f .  3):  

t i o n  of H20 molecules by so la r  u l t r a v i o l e t  r a d i a t i o n  a t  heights  of 65-90 km. 

Photodissociat ion occurs f o r  the  most p a r t  due t o  the  process 

the  presence of strong photodissocia- 

H,O + hv (h> 17508) --to13 (.X2n) + H (2S). 

The process begins near  2400 

penet ra tes  i n t o  the  atmosphere through t h e  "windows of transparency" i n  the 

Schumann-Runge bands. Therefore, the value of t he  coe f f i c i en t  of d i s soc ia t ion  

of water  i n  the  mesosphere i s  a function of height .  

of Lyman-alpha ( X  = 1216 i) rad ia t ion  i s  of g r e a t  importance. 

( r e f .  3 ) .  The d issoc ia t ing  r ad ia t ion  X > 1750 

The d issoc ia t ing  e f f e c t  

The dependence 
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Wavelength, 1 

2' 
Absorption spectra of H 0 and 0 

2 

of the  absorption cross s e c t i o n  on wavelength f o r  H 0 (and 0 ) i s  shown i n  

the  i l l u s t r a t i o n .  
2 2 

2 .  What values of humidity should be used f o r  the mesopause l e v e l  (where 

noc t i l ucen t  clouds a re  formed) with the photodissociation of water molecules 

taken i n t o  account? 

pu ta t ions  of the r a t e  of photodissociation ind ica t ing  t h a t  above t h e  70-75 km 

I n  the  study by Hesstvedt ( r e f .  k ) ,  t h e  author gives com- 

l e v e l  moisture content f3 decreases by a f a c t o r  of 10  approximately with each 3 

km of he ight :  f o r  example, i n  summerin the high l a t i t u d e s  a t  the  82 km l e v e l  

t he  moisture content i s  1 0  4 times l e s s  than a t  the 70 km l e v e l ,  decreasing t o  

-8 t h e  value f3 10 . 
This  result d i f f e r s  considerably from the  computations made by Nicolet ,  

i n  whose s tud ie s  ( r e f s .  3, 5 and 6) there i s  an example of the  v e r t i c a l  d f s t r i -  

bu t ion  of d i f f e r e n t  components i n  the region 60-95 km under the  condition t h a t  



there  i s  photodissociation of H 0 molecules. 

heights of 68-75 km f3 2 4.10 

of 85 km f3 

According t o  these  da t a ,  a t  
2 

-6 , a t  a height of 80 km f3 1.2*10-6, a t  a height 

8 1.6.10'~ and a t  a height of 90 km f3 2.6-10- . According t o  

these da ta ,  i n  the  region of ac t ive  photodissociation of water (above 75 km) (3 

decreases with height considerably more slowly, by a f a c t o r  of only 2.5-3 per 

3 km i n t e r v a l ;  a t  a height of 82 km p C 

mesosphere and upper s t ra tosphere  of about 4-10 

cording t o  Hesstvedt 's  da ta  (with a value (3 i n  the  lower mesosphere and i n  the 

upper s t ra tosphere  of about 2.4- 10 

(with a value (3 i n  the lower 
-6 

ac- ) i n  place of f3 

-4 
) . 

Hesstvedt Is study ( r e f .  4) does not give the  d e t a i l s  of the computations, 

and therefore  it i s  d i f f i c u l t  t o  draw conclusions concerning h i s  method f o r  

computing photodissociation and understand why, according t o  h i s  data,  t he  

photodissociation r a t e  i s  so l a rge .  One of the  poss ib le  f a c t o r s  i s  t h a t  

Hesstvedt 's  main computations were based on the  assumption of i n f i n i t e  duration 

of the  day. Another f a c t o r  may be re la ted  t o  t h e  choice of the  value f o r  t h e  

d i s s o c i a t i o n  c o e f f i c i e n t  and espec ia l ly  i t s  dependence on height.  I n  h i s  study 

Hesstvedt c i t e s  only the  following data: 

(1) H20 + hv + OH + H (JR = 1.5-10-5 see-' f o r  a zero o p t i c a l  th ickness)  
2 

and 

( 2 )  JH w a s  computed f o r  the  Lyman-alpha and the continuum 1500-1900 1. 
2 

It w a s  e s t ab l i shed  t h a t  Lyman-alpha r ad ia t ion  e x e r t s  a subs t an t i a l  influence on 

t h e  d i s s o c i a t i o n  rate t o  60 km i n  the l o w  l a t i t u d e s ,  t o  65 km i n  the  high & 
l a t i t u d e s  i n  summer and t o  75 km i n  the high l a t i t u d e s  i n  winter.  It was found 

t h a t  f o r  a zero o p t i c a l  thickness one-third (5.10 

t i o n  coe f f i c i en t  i s  caused by Lyman-alpha r ad ia t ion .  

-6 
see-') of t he  t o t a l  d i ssoc ia-  



Ref. 4 gives no ind ica t ion  of the method used i n  computing the dependence 

of JHz0 on height;  however, t h i s  dependence i s  very s t rong and can be computed 

p rec i se ly  only with d i f f i c u l t y .  The d issoc ia t ion  coe f f i c i en t  a s  a func t ion  of 

height  i s  computed more simply f o r  narrow p a r t s  of the  spectrum, and it i s  far  

more complex t o  compute the  f u l l  d i ssoc ia t ion  coe f f i c i en t .  According t o  

Nicolet  s estimate ( r e f .  

thickness  can be 

A rough estimate 

of t he  mesopause 

assumed 

5 ) ,  the  f u l l  d i s soc ia t ion  c o e f f i c i e n t  f o r  a zero o p t i c a l  

t o  equal 

of absorpt ion i n  the Schumann-Runge bands gives for the l e v e l  

( ~ ~ 0 )  Z 10 -6 see -1 , 
mesopause J 

and i n  the  middle  p a r t  of the mesosphere 

-1 7 

( H ~ o ) ~  IO-' see . me s os phe re J 

It i s  necessary t o  add t o  t h i s  the d i s soc ia t ion  caused by Lyman-alpha rad ia-  

t i o n .  

JHzO 
c o e f r i c i e n t  which he used, 

t i o n  c ross  sec t ion  1.4.10-~~ em2. 

i s  almost f i v e  times less than t h i s  value ( r e f .  5 )  (see i l l u s t r a t i o n ) .  

This may a l s o  be another f ac to r  responsible f o r  the  exaggerated values 

obtained by Hesstvedt ( r e f .  4) .  I n  any case, the value of t he  d i s soc ia t ion  

sec- l  (see above), corresponds t o  a d i ssoc ia-  

I n  a c t u a l i t y ,  the d i s soc ia t ion  cross sec t ion  

Thus, computation of  humidity a t  t he  l e v e l  of the  mesopause, where noct i lu-  

cen t  clouds a re  formed, with allowance f o r  the  photodissociat ion of water 

molecules, requires  f u r t h e r  refinement. A s  t he  minimum values we can use the  

estimates made by Nicolet  i n  reference 5 ,  c i t ed  above, ind ica t ing  t h a t  a i r  

6 



humidity f3 above 75 km decreases a s  a r e s u l t  of photodissociation by a f a c t o r  

of 2.5-3 f o r  every 3 km and i s  a value of about f3 = 5.10-7 a t  the  l e v e l  of the 

mesopause. 

N 

3. w;. could explain the  p o s s i b i l i t y  of p rec ip i t a t ion  of moisture on con- 

densation nuc le i  i n  the mesopause under these conditions e i t h e r  by assuming an 

ex t r ao rd ina r i ly  intense cooling of the mesopause ( i n  periods of appearance of 

noc t i lucent  clouds) o r  by assuming the p o s s i b i l i t y  of a sporadic increase of 

humidity f3. The l a t t e r  i n  tu rn  could happen by two methods: e i t h e r  a s  a re- 

s u l t  of a sporadic u p l i f t i n g  of masses of moist a i r  from the troposphere 

through the s t ra tosphere i n t o  the  mesosphere, o r  a s  a r e s u l t  of formation of 

addi t iona l  q u a n t i t i e s  of water molecules d i r e c t l y  i n  the high l aye r s  of the  

atmosphere ( t h a t  i s ,  as a r e s u l t  of a sharp increase of the  l e v e l  of equilibrium 

concentration of H 0) .  
2 

these mechanisms, taking i n t o  account present-day data  on the  s o l a r  wind. 

We w i l l  now consider i n  g rea t e r  d e t a i l  the  l a t t e r  of 

A s  we mentioned i n  reference 7, the formation of addi t iona l  q u a n t i t i e s  of 

water molecules d i r e c t l y  i n  the high l aye r s  of t he  atmosphere can be st imulated 

by s o l a r  corpuscular streams, which, as i s  we l l  known, contain a considerable 

number of hydrogen atoms. The re la ted  increase of the  concentration of atomic 

hydrogen above the  equilibrium value could a l s o  be a cause of increase of the  

concentrat ion of water molecules. 

An i n t e r e s t i n g  i l l u s t r a t i o n  of t h i s  idea was y'ven i n  the  computations of 

t h e  acc re t ion  of hydrogen published i n  1961 by de Turvi l le  i n  references 8 and 

9. He postulated t h a t  the geomagnetic f i e l d ,  e f f ec t ive  i n  t rapping protons and 

e l e c t r o n s  from the  s o l a r  wind, has a dimeter dm = 24.6 r 

r a d i u s ) ,  and t h a t  i n  the course of the time T = 3.3'10 

(r i s  the  e a r t h ' s  E E  

years the  accre t ion  of 9 



hydrogen occurred a t  the  same r a t e  as  i n  our e ra .  I n  t h i s  case the t o t a l  

mass of hydrogen trapped by the  geomagnetic f i e l d  is  

/60 

where n 

of the s o l a r  wind; V i s  the ve loc i ty  of t h i s  wind; m i s  the  mass of a hydrogen 

atom. De Turvi l le  uses the  values n = 12 protons/cm3 and v = 4.33.10 cm/sec 

and with formula (2)  obtains the  mass M = 1.70*1023 g. The t o t a l  oxidation of 

t h i s  hydrogen would give 5 = 1 . 5 3 0 1 0 ~ ~  g of water,  which i s  close t o  the  mass 

of water i n  the oceans of t he  e a r t h  M = 1 . 4 2 ~ 1 0 ~ ~  g. Therefore, the reserves  
2 

of  water i n  the oceans could be accumulated gradual ly  by accret ion of s o l a r  

hydrogen i n  a quant i ty  of approximately 1.5 tons/sec. 

i s  the concentration of hydrogen atoms ( p o t o n s )  making up the  plasma 
1 

1 H 
8 

1 

This mechanism of accumu- 

l a t i o n  of water on the  e a r t h  by the  influence of t h e  s o l a r  wind has been 

c l eve r ly  called by Haurwitz "so lar  ra in"  ( r e f .  10). 

O f  course, such a close agreement of the masses 5 and M obviously i s  2 

random, and computation of t h e  mass of the "so lar  ra in ,"  forming from the  mass 

of hydrogen trapped by the  geomagnetic f i e l d ,  undoubtedly i s  considerably more 

complex than indicated i n  reference 8. More pigorous est imates  of t h i s  kind 

can now be made, using as a point  of departure the  theory of the  geomagnetic 

t r a p  (refs.  11-13); t h i s  requires consideration of t he  in t e rac t ion  of t he  

plasma stream and the  e a r t h ' s  "electromagnetosphere" ( r e f s .  1 2  and 13),  taking 

i n t o  account the k i n e t i c s  of chemical react ions leading t o  the formation of 

hydrogen compounds i n  the  high layers  of the atmosphere (ref. 3 ) .  Here w e  w i l l  

l i m i t  ourselves t o  individual  comments on such a more rigorous estimate of the 

i n t e n s i t y  of the  "so lar  r a in .  If 

8 



4. Computations based on formula (2 )  f o r  t he  hydrogen trapped by the  

geomagnetic f i e l d  apparently give a highly exaggerated r e s u l t ,  because the  

plasma stream of the  s o l a r  wind i s  not intercepted by the  geomagnetic t r ap ,  

but flows around it. According t o  modern concepts, only ind iv idua l  p a r t s  of 

the magnetopause (boundary layer) "passrr the corpuscles of the  solar wind i n t o  

t h e  depths of the e a r t h ' s  magnetosphere (ref.  11). Thus, the  f a c t o r  'Jcr i n  

formula (2) should be replaced by another,  decreased by a f a c t o r  of N1, where 

N1 i s  scarce ly  g rea t e r  than 0.1-0.01. I n  addi t ion,  the  capture of plasma wind 

by the  geomagnetic t r a p  does not occur i d e n t i c a l l y  a t  a l l  times. The majority 

2 
m 

of the  charged p a r t i c l e s  possibly penetrate  i n t o  the  geomagnetic f i e l d  a t  the 

time of auroras of intermediate and grea t  i n t e n s i t y  (ref. 12) ;  therefore ,  

f a c t o r  T i n  formula (2)  can be decreased by N times, where N i s  the  period of 

t i m e  when more or  l e s s  strong auroras a re  observed ( r e f s .  13 and 1 4 ) .  A s  an 

es t imate  we can use N 

hydrogen M f  can d i f f e r  from M obtained using formula (2 )  by N times 

2 2 

5 10-l. Thus, t h e  re f ined  value of the  mass of trapped 2 

M' = "4, 

where N = N 'N * N can be a small value of the  order of 0.01 o r  0.001. I n  t h i s  

case M r  = 15 kg/sec or 1.5 kg/sec. For a rough est imate  we w i l l  assume t h a t  

1 0  g of hydrogen penet ra tes  i n t o  the e a r t h ' s  upper atmosphere t o  the 100 km 

1 2' 

4 

l e v e l  each second, which gives  a mean dens i ty  of the  hydrogen (proton) flu f o r  

t h e  e a r t h  of about 2-10-15 g/cm2. see ,  o r  approximately 1.2.10 9 hydrogen atoms/ 

em2* see.  This 

of t e r r e s t r i a l  

and Nicole t  i n  

exceeds by almost t w o  orders of magnitude the  r a t e  of d i s s ipa t ion  

hydrogen, which according t o  the  computations made by Kockarts 

references 15 and 16, i s  a f l u x  of 2.5*107 cm-2*sec'1. 

9 



Thus, i n  the  E a r t h ' s  upper atmosphere there  could be an accumulation of 

hydrogen of s o l a r  o r ig in .  If t h i s  hydrogen accumulated continuously i n  the  

high l aye r s  of the atmosphere a t  heights such as from 100 t o  200 km and i f  i t s  

concentration n were d i s t r i b u t e d  v e r t i c a l l y  i n  conformity t o  the  formula 

n = no*e- h/H, then (assuming f o r  H the value of H = 25 km) a f t e r  only a 

year t he  concentration n 

1.6*1010 emd3, and a t  t he  200 km l eve l ,  values n 

considerably exceed (by th ree  orders of magnitude) t h e  ac tua l  concentrations.  

/61 
a t  t he  100 km l e v e l  would a t t a i n  the  values no = 0 

= 4.108 These values 
20 0 

Therefore, i f  i n  a c t u a l i t y  the re  i s  a trapping of t he  hydrogen of t he  s o l a r  wind 

approximately i n  those q u a n t i t i e s  mentioned, t he re  should be a leakage of 

hydrogen from the  e a r t h ' s  upper atmosphere a t  a r a t e  of about lo9 cm-2*sec-1. 

The d i s s ipa t ion  of hydrogen from the  exosphere occurs many times more 

slowly. However, there  may be a leakage of hydrogen from the  thermosphere i n t o  

the mesosphere with subsequent loca l ized  formation of a " so la r  r a in . "  However, 

it i s  necessary t o  take i n t o  account the complex character of those physical 

processes and aeronomic reac t ions  i n  the high l a y e r s  of t he  atmosphere which can 

lead t o  an increase i n  concentration of water molecules i n  the  mesosphere as a 

r e s u l t  of the  appearance of additional q u a n t i t i e s  of hydrogen of s o l a r  o r i g i n  

i n  t h e  thermosphere. The present s t a tus  of the  theory of t he  corresponding 

processes  does not  make it possible t o  form a c l e a r  p i c tu re  of such transforma- 

t i o n s ,  bu t  we believe t h a t  a major role must be played here by dynamic processes 

( e s p e c i a l l y  tu rbu len t  d i f fus ion ) ,  which f o r  t h e  t i m e  being have not been ade- 

qua te ly  considered t o  formulate a quan t i t a t ive  theory. This problem w i l l  be con- 

s ide red  i n  g r e a t e r  d e t a i l  i n  t he  l a s t  p a r t  of t h i s  a r t i c l e .  

5 .  Is it possible t h a t  t he re  are s t i l l  o ther  mechanisms f o r  t h e  formation 

of H 0 molecules d i r e c t l y  i n  t h e  high l a y e r s  of t h e  atmosphere i n  addi t ion  t o  2 

10 



the "so1ar ra in"  mechanism? Important reac t ions  can occur with the  pa r t i c ipa -  

t i on  of methane CH a s  has been pointed out by Bates and Nicolet  i n  references 

5, 16 and 17. 
4' 

Methane i s  of b io logica l  o r i g i n  and i s  introduced i n t o  the  

atmosphere a t  the l e v e l  of t he  ea r th ;  i t s  quan t i ty  i n  the lower l aye r s  of t h e  

atmosphere i s  qu i t e  constant,  1.5.10 i n  volume. A t  t h e  l e v e l  of the  tropo- 
-6 

pause methane can be oxidized rap id ly ;  i t s  l i f e t i m e  i s  l e s s  than 100 years. 

Above the  l e v e l  of t he  stratopause the quan t i ty  of CH molecules i s  about 

3.1016 
4 

i t s  mean l i f e t i m e  a t  a height of 50 km should be about 40 years,  

provided we use the coe f f i c i en t  of the  r a t e  of oxidation reac t ions  

the  t o t a l  coe f f i c i en t  i s  equal t o  see-'. 

Oxidation a t  such a r a t e  leads  t o  t h e  formation of about 1011 H 0 and H 

Computation of photochemical equi- 
2 2 

molecules per 1 sec over 1 ern2 ( r e f .  3 ) .  

l ib r ium l eads  t o  the  following estimate: 

should be f3 

( t h a t  i s ,  the  value B = 3-10-6 applies t o  the  lower mesosphere, below the  l e v e l  

O f  appreciable H20 photodissociation).  A s  already mentioned, Kockarts and 

Nicole t  ( r e f .  15) computed t h a t  the flux of atomic hydrogen i n t o  the  exosphere 

the  R20 content i n  t h e  mesosphere 

3010-~, i f  we neglect the photodissociation of water molecules 
N 

through the  100 km l e v e l  (with subsequent d i s s ipa t ion )  i s  2.5.10 7 cm-2*sec'1. 

If it i s  assumed t h a t  a l l  t h i s  hydrogen i s  formed by r eac t ion  (1) of phtodis- 

s o c i a t i o n  of water molecules (but we have seen above t h a t  the  source of hydrogen 

i n  t h e  100 km l a y e r  may be the "solar r a in , "  see sec t ion  4), t o  naintain t h i s  

f lux  it i s  necessary t o  expend about 10 7 molecules of H20/cm2*sec o r  about 10  7 

11 



molecules of CH /cm2.sec, provided it i s  assumed t h a t  the reserves  of water  

molecules a re  replenished a t  the expense of methane i n  react ions (3) and (5). 

The r a t e  of formation of new quant i t ies  of methane i s  qu i t e  great--not  l e s s  

than lo1' mole/cm2.sec ( r e f .  16); the only problem involved i s  t h a t  t he re  must 

be s u f f i c i e n t l y  s t rong t r a n s f e r  (mixing) of tropospheric 

s t ra tosphere i n t o  the mesosphere. 

4 

a i r  through the  

It i s  necessary t o  bear i n  mind the complex character  of the  r eac t ion  with 

the  pa r t i c ipa t ion  of oxygen and hydrogen and t h e i r  compounds i n  the mesosphere, 

where many secondary reac t ions  occur. /62 
we may mention the following ( re f  16) 

Among the p r inc ipa l  f i n a l  reac t ions  

the coef f ic ien t  of t he  r a t e  of t h i s  reac t ion  i s  

- I  a16 = 5~10-12T1"'esp (- 1000/T) cnt3. sec ; 
OH + HO2--> HsO + 0 2  + 72 k c  

~ 

t h i s  reac t ion  i s  characterized by a high r a t e :  

All these  reac t ions  were exothermal. The endothermal reac t ions  should a l s o  be 

mentioned 



The reac t ion  

plays the main ro l e  i n  the  formation of molecular hydrogen. 

Reactions (6)-(12) t r ansp i r e  during both daytime and nighttime; i n  a d d i -  

t i o n ,  the f i e l d  of s o l a r  rad ia t ion  exer t s  i t s  e f f e c t ,  and it i s  necessary t o  

take i n t o  account the photodissociation of H 0 molecules ( coe f f i c i en t  of photo- 

d i s soc ia t ion  JE o) and molecules of H 0 

2 

( coe f f i c i en t  of photodissociat ion 
2 2 2  

) . I n  t h i s  case the equation of photochemical equilibrium i n  the  meso- 
J%02 
sphere can be wr i t t en  i n  the  form ( r e f .  16) 

Processes (6)-(12) do not take in to  account a l l  of the reac t ions  i n  which 

atomic hydrogen p a r t i c i p a t e s .  We w i l l  wr i te  four  addi t iona l  reac t ions  

t h i s  r eac t ion  having a negative temperature coe f f i c i en t .  The reac t ion  

2 d i f f e r s  by the l a rge  coe f f i c i en t  a 



Among the  reac t ions  leading t o  the formation of water molecules w e  /63 
a l s o  must mention 

Taking i n t o  account a l l  of these  reac t ions ,  it i s  possible t o  compute the 

concentration n(H 0) of water molecules i n  the  mesosphere, corresponding t o  t h e  

conditions of chemical and photochemical equilibrium. Computations i n  reference 

3 give f o r  h = 70 km n(H 0) 

n(H20) = ?* lo8  eme3 and f o r  h = 90 km, n(H20) = 2*106 cm3. However, such com- 

pu ta t ions  do not take dynamic processes i n t o  account, The descending and 

2 

10 
10 emm3; f o r  h = 80 km the computations give 

2 

ascending a i r  cur ren ts ,  tu rbulen t  d i f fus ion ,  w i l l  change the  v e r t i c a l  d i s t r i b u -  

t i o n  of the d i f f e r e n t  components, i f  it was determined (as occurs i n  t h e  meso- 

sphere and lower thermosphere f o r  hydrogen, atmospheric oxygen and t h e i r  com- 

pounds) by phtochemical equilibrium and d i f f e red  from the d i s t r i b u t i o n  corre- 

sponding t o  constancy of composition, Under c e r t a i n  conditions dynamic proc- 

e s s e s  may be t h e  cause of considerable increases of a i r  humidity i n  t h e  meso- 

sphere and mesopause. We w i l l  consider severa l  examples. 

(a) According t o  Nicole t ’ s  computations i n  references 3 and 6, the  con- 

cen t r a t ion  of molecular hydrogen n(H ) under conditions of photochemical equi- 

l i b r ium has a sharply expressed maximum n(H ) = lo1’ a t  a height of about 

67 km; above t h i s  l e v e l  t he  H2 molecules a re  subjected tofphotodissociation, t h e  

ra te  of which increases  r ap id ly  w i t h  he ight .  

2 

2 

According t o  r eac t ion  (9)  , the  

14 



reduction of molecular hydrogen can occur a s  a r e s u l t  of t r i p l e  c o l l i s i o n s  with 

the  p a r t i c i p a t i o n  of two hydrogen atoms. A t  heights of 100-110 km, which can 

be reached by the  pene t ra t ing  protons of the  s o l a r  wind, t he  p robab i l i t y  of 

t r i p l e  c o l l i s i o n s  i s  small ( r e f .  18). 

r en t s  or intense turbulen t  mixing addi t iona l  q u a n t i t i e s  of hydrogen atoms of 

s o l a r  o r i g i n  could be transported from t h e  100-110 km l e v e l  i n t o  t h e  mesosphere, 

where the  r a t e  of reac t ion  ( 9 )  increases many times. The increase of t h e  

n(H ) concentration i n  conformity w i t h  r eac t ion  (21) ,  associated with t h i s ,  

could lead t o  an increase of t h e  concentration of water molecules. 

I n  t h e  presence of descending a i r  cur- 

2 

This i s  one of the  possible mechanisms of formation of the  " so la r  r a i n , "  

almost ceasing i t s  a c t i v i t y  i n  the  absence of dynamic processes. 

( b )  Now we w i l l  consider the  reac t ion  

For such reac t ions  t o  occur it i s  necessary t h a t  the  H molecules, t he  maximum 

concentration of which i s  s i t ua t ed  (under equilibrium conditions) below the  
2 

70 km l e v e l ,  encounter oxygen atoms whose concentration (under equilibrium con- 

d i t i o n s )  has a m a x i m u m  below the  mesopause. 

by ascending a i r  cur ren ts  from the mesosphere i n t o  the  thermosphere acce le ra t e s  

The t ranspor t ing  of H2 molecules 

r eac t ions  (22) only by a r e l a t i v e l y  small number of times, because the  proba- 

b i l i t y  of t r i p l e  c o l l i s i o n s  i n  the  thermosphere i s  r e l a t i v e l y  small. Descending 

cu r ren t s  which would t r anspor t  atomic oxygen from the  90-100 km l e v e l  t o  the  

65-70 km l e v e l  could lead t o  a g r e a t  acce le ra t ion  of the  reac t ions .  

below 75-80 km the  recombination of atomic oxygen leads  t o  a considerable 

reduct ion  of the  n(0)  concentrations. The maximum acce lera t ion  of r eac t ions  

(22) the re fo re  would be a t ta ined ,  i f  the  "place of the  encounter'' of hydrogen 

However, 

/64 



molecules and oxygen atoms was an intermediate l e v e l  of about 80 km. 

may come e i t h e r  from a combination of a descending cur ren t  (from the  height 90- 

100 km t o  the 80 km l e v e l )  and an ascending cur ren t  (from the  l e v e l  65-70 km t o  

a he ight  of 80 km) o r  tu rbulen t  d i f fus ion .  

This r e s u l t  

How does the v e r t i c a l  d i s t r i b u t i o n  of d i f f e r e n t  components, i n i t i a l l y  de- 

termined under conditions of photochemical equilibrium, change under the  in f lu -  

ence of dynamic fac tors?  I n  a general case t h i s  can be computed by the con- 

t i n u i t y  equation, taking i n t o  account t he  presence of sources (formation and 

des t ruc t ion  of atomic oxygen, molecular hydrogen, water molecules and o the r s  a s  

a r e s u l t  of photodissociation, recombination, e t c .  ) 

’an a (7LW)I a 
~ + ~ = U ( ’ 2 0 - n ) + -  iih ( D- ::) ; 

here n 

t r a t i o n  of the  p a r t i c u l a r  component; w i s  the v e r t i c a l  ve loc i ty  of t he  a i r  

current;  D i s  the  coef f ic ien t  of turbulent d i f fus ion;  a = l/z, there  z i s  the  

t i m e  of ha l f - r e s to ra t ion  of photochemical equilibrium. 

Preliminary es t imates ,  based on equations of type ( 2 3 ) ,  show t h a t  dynamic 

i s  the equilibrium ( i n  the  sense of photochemical equilibrium) concen- 0 

processes can considerably change the v e r t i c a l  d i s t r i b u t i o n  of atomic oxygen 

and e x e r t  a g rea t  influence on the  r a t e  of r eac t ion  (22) and on the  v e r t i c a l  

r e d i s t r i b u t i o n  of water molecules. 
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